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^OUaMICAL  LGKINE3CEWCL  j?  LCKINOL  UNDBfc  THE  EFFECT  OF  IONIZING  RADIATION, 
AND  ITS  INFLUENCING  BI  MEANS  OF  ANTIRADIATION  AGENTS 

by 

Docent  Dr.  Heinrich  Bergstermann 
Medical  Polyclinic  of  the  University  of  Munich 


Strahlentherapje.  Vol  93.  1955. 
pp  474-430. 


Huolear  ruuroh,  with  its  nan;fold  dangers  of  injury  caused  by 
ionizing  radiation,  has  plaoad  the  problem  of  radiation  biology  into  th* 
forefront  of  aciantifio  interest,  ani  has  directed  the  attention  to  the 
possibilities  of  limiting  radi*tion-e»used  injuries  by  means  of  prophyl- 
aotio  and  therapeutic  measures.  From  among  the  numerous  publications 
on  this  subject  the  work  of  Patt  et  al  (19^9)  deserve  particular  atten¬ 
tion.  They  showed  that  cysteine  exerts  a  marked  protection  against 
radiation  when  administered  in  sufficient  doses  prior  to  the  application 
of  ionizing  rays.  Whan  given  after  irradiation,  it  is  completely  in¬ 
effective.'/  .  .  r- 


It  is  known  from  enayme  chemistry  that  cystsins  is  tin  outstanding 
means  for  the  reduction  of  S-S  linkages.  Enzymes  inactivated  through 
oxidation,  whioh  require  a  thiol  group  for  their  activity,  may  In  many 
cases  be  reactivated  with  oystej ne  (Hopkins  1933.  Bersia  1939,  Bergster- 
mann,  19+3).  It  was  therefore  obvious  to  assume  a  similar  action  of 
cysteine  also  in  radiation  protection,  Barrm  (19^7)  has  shown  that 
already  very  small  X-ray  doses  injur,  reversibly,  enaymes  containing 
sulfhydryl  groups  by  oxidation  cf  the  latter.  We  ourselves  have  obtained  in 
the  framework  of  Intoxication  experiments  with  sucoinio  acid  dehydrogenase 
that  the  substrate  auocinic  acid,  and  also  malonic  and  fumaric  acids, 
exhibit  a  certain  protective  effect  against  the  action  of  X-rays,  while 
the  inactivation  caused  by  ultraviolet  cannot  be  prevented  either  by 
succinic-  or  by  malonic  acid.  Apparently  here  the  substrate  or  substrate¬ 
like  malonic  add  exerts,  through  complex  formation  with  the  enayme,  s  pro¬ 
tective  effect  against  the  oxidation  of  their  thiol  group  brought  about 
by  the  X-rays, 


Xf  cysteine  were  to  reactivate  enzymes  and  other  active  Ert,uPs 
oxidatively  damaged  by  ionizing  ~a\ :  solely  by  reduction  cf  oxidized 
•ulfhydi'yl  group*,  then  it  vouli  bi  ;.ard  to  understand  why  an  unequivocal 
protective  affect  ie  attained  only  than  administered  before  the  appli¬ 
cation  of  X-rays.  It  Is  nor*  probable  that  t  .a  detoxication  effect  of 
oystelni)  seta  in  already  before  vitr-1  eubatratea,  aenaitive  to  oxidation, 
had  been  attacked. 


On  the  basil  of  the  theor  .tiral  consideration*  of  J.  Weia*  (19^), 
supported  by  many  experimantal  r  suits,  ve  say  assume  that  under  the 
effect  of  ionising  radiation  vat^r  roleculas  are  split  to  short-lived 
eleavage  products,  particularly  H  a  tons  as  well  as  OH"  and  H2O  radioala, 
aa  veil  as  and  H20~  molecule*.  Some  of  the  most  important  reactions 
and  recombinations  are  aa  follows  1 
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(Summarising  Representation,  Allen,  1952) 

Phi*  theory  is  in  harmony  with  the  radiochemical  transformations 
in  aqueous  solutions  which  have  boon  noted  so  far.  It  enables  us  to 
understand  the  observation  that  substance*  are  oxidised  or  reduced 
according  to  their  redox  potential.  It  explains  the  considerable  in¬ 
crease  of  toxicity  of  ionising  rays,  by  the  fact  that  the  oxygen  which 
la  dissolved  in  water  prevents  the  recombination  of  water  radicals  to 
ilyO,  and  thereby  gives  rise  tc  oxygon  radicals  of  strong  oxidising 
effect.  It  give*  a  simple  explanation  for  the  protective  effeot  of  many 
substances  added  to  water,  Including  particularly  those  which  are 
readily  oxi disable,  such  as  stains  and  similar  compounds,  by  assuming 
that  theae  substances  are  suitable  to"c*tch*  the  short-lived  radical* 
formed  in  the  water.  According  to  this  theory  a  great  part  of  the  radiation 
effect  la  brought  about  not  by  nea-vs  of  direct  action  (impaot)  on  the 
molecule  itself,  but  through  tho  intermediary  of  the  solvent  (indirect 
effect) (Dale,  19*0,  19^?;  Hinder,  1>6,  1952).  Actually  the  ohemical 
transformations  brought  shout  per  X-ray  dose  are  markedly  dependent 
the  volume  of  the  irradiated  aqueous  solvent  while  concentration  changes 
•-»  within  s  medium  concentration  range  —  play  a  much  smaller  role.  This 
observation  can  hardly  have  any  otner  explanation  but  that  the  greater 
part  of  the  radiation  energy  is  captured  by  the  water  molecules  and  only 
then  lsd  to  the  reacting  substance.  To  what  extent  the  energy  transport 
through  the  distance  of  maegr  water  molecules  takes  place  by  diffusion  of 
water  radicals  or  by  other-  energy- ro nduotion  processes  is  as  yst  completely 
unclear.  Numerous  observations  point  to  a  dependence  of  radioohaaical 
proceases  on  diffusion  (of*  e.g.  Minder  1952,  Dessauer  195*0 «  la  floor- 
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esoence  studios  using  highly  dll  .  iuorescent  substances  in  arorsatio 
solvent*.  it  was  possible  to  det».  .'.induction  of  energy  through  a 

greet  nuaber  of  aromatic  molecul  ;  .  led  in  Allen,  1953/* 

llore  recent  reviews  on  th  >toctive  effect  of  various  substances 
•  gainst  radiation  injury  are  giv  r.  .  Patt  (1953).  Latarjet  and  Gray 
(1954)  «nd.  Bacq  and  Herve  (195^0  A  •■■ording  to  these  atudiea  cysteamine 
vas  found,  in  animal  experiments  t-  be  the  most  effective  of  all  pro¬ 
tective  substances  studied  so  fa.  .  :s  oxidation  product,  oyst&aine, 
exhibits  a  similarly  good  protec  iv  >  effect  in  the  animal  organiam,  but 
vea  ineffective  in  pea  seedlings .  s  .c  client  radiation  proteotion  waa 
exhibited  also  by  cysteine,  glut  th icno,  thiourea  and  other  thiol-group- 
containiog  subatanoes.  In  addition,  a  protective  effeot  was  demonstrated 
i.ith  nunerous  amines,  a.g.  methy k-.;  iet  tyraaine  and  !  histamine.  Even 
K CN  is  supposedly  effective  in  the  case  of  a  variety  of  animal  material. 
No  noteworthy  protective  effect  was  ascertained  after  the  applloatlon 
cf  cystine  and  ergothionelne.  RAL  has  a  protective  aotion  in  vitro 
(Burnett  et  al,  1951),  but  is  hardly  offectlve  in  animal  experiments. 

In  our  own  animal  experiments  we,  too,  were  able  to  aohleva  good  pro- 
teotlve  effects  wiUi  cystaamine,  cyiteine  and  glutathione,  in  the  oaae 
of  an  irradiation  with  about  800  r;  the  order  of  magnitude  of  theae  ef¬ 
fects  agrees  well  with  that  describe i  by  othar  authors.  On  the  other 
hand  our  atudiea  relating  to  the  protective  effeot  of  KCN  gave  no  con¬ 
clusive  result. 

In  order  to  obtain  a  bettor  insight  into  the  mechanism  of  effeot 
of  various  biologically  effective  radiation-protection  agents  we  looked 
for  a  simple  reagent  for  activated  oxygen  and  believe  that  luminol 
(aminophthalio  hydraaida)  is  particularly  suitable  for  such  model  expe¬ 
riments  . 

According  to  Harvey  (1929)  luminol  reacts,  In  the  presence  of 
activated  oxygen,  with  the  production  of  luminsoence  (of.  also  Albrecht 
1?28.  nrew  1939):  According  tc  G.  Glou  and  2.  rfanastiei  (19>S).  the 
luminescence  is  considerably  intensified  when  luminol  is  treated  with 
hmin  after  the  addition  of  -  -5  is  a  result  of  the  liberation 

of  activated  oxygen  from  the  H2O  .  ourselves,  were  able  to  note  the 
lumineacenoe  of  aqueous  luminol  solution  at  metal  borders  under  the 
notion  of  atmospheric  ©jtygen.  TP  y ...  slcochaaical  process  which  underlies 
this  lunlneseenoe  is  still  not  f  -J.V.  explained:  among  the  processes  die- 
cU3sed  nre  reversible  dehydrogen  tij.n  processes;  formation  of  Og- 
nioleoule  bridges  in  the  hydrasld  ring  (Far  aday  Soo.  Disc.  1939)i  etc. 
FTobably  we  must  differentiate  b'jtw.>3n  a  reversible  and  an  irreversible 
process  involving  the  oxidation  of  luminol  (Qruokrey  1941). 

Fhperim total  Results 

then  irradiated  with  X-rays,  luminal  crystal •  exhibited  only  a 
weak  fluoreacenos.  When,  however,  an  aqueous  luminol  solution  is  exposed 
to  the  aotion  of  ionising  rays,  narked  lumineacenoe  is  brought  about 
at  100  HA,  80  KV  and  70  om  tube  distance.  At  a  layer  thi  ok  ness  of 
several  cm  of  water  the  luminescence  is  dsteotable  already  at  3  HA  and 


80  kV.  The  studies  were  oarried  out  in  paraffin-covered  aluminum  dishea, 

•  inc®  glass  and  most  plastics  axhibit  fluorasaanoa  undar  the  affect  of 
1-rays.  The  starting  solution  contained  0,1$  luminol  in  5$  soda,  and  was 
diluted  up  to  10  times  in  tha  various  studies.  Tha  influencing  of  light 
phenomena  was  ascertained  through  comparisons  in  two  equally  large 
dishes  placed  n-xt  to  eaoh  other  and  irradiated  at  the  same  time.  So  far 
ve  were  unable  to  overcome  the  techa'oal  difficultiee  of  an  objective 
measurement  by  means  of  an  appropria  e  photometer.  A  measurement  of 
quantitative  difference  would  ba  very  valuable  fot  tha  numerical  ascertain¬ 
ment  of  the  oourse  of  the  reactions. 

The  luolnesoenoe  phenomena  occurring  in  the  aqueous  luminol  solution 
under  the  effeot  of  lonisiog  radiation  are  dependent  on  oxygen.  Henoe  we 
are  dealing  with  oheaioal  luminescence.  Tha  luminescent  phenomena  were 
not  intonslfled  by  the  addition  of  hoaatin.  Henoe  it  may  be  assumed  that 
the  H2O2  formed  in  the  water  by  the  effect  of  ionizing  rays  plays  no 
decisive  role.  Much  rather  it  is  to  be  assumed  that  —  according  to 
Weiss'  concepts  —  there  is  an  effect  of  oxygen-containing  radicals  which 
form  in  the  water  under  the  influence  of  radiation.  When  the  thickness 
of  the  watsr  layer  is  increased  through  the  addition  of  distilled  water 
or  a  corresponding  soda  solution,  the  luminescence  becomes  more  intensive 
corresponding  to  the  thiokness  of  tholayer.  Henoe  we  have  to  do  pre¬ 
dominantly  with  an  Indira at  radiation  effeot  in  Viloh  the  radiation 
energy  is  taken  up  by  the  aqueous  medium  and  then  conducted  to  the  luminol 
under  the  aotion  of  oxygon. 

Numerous  observations  exist  to  the  effect  that  radiochemical  pro¬ 
cesses  are  considerably  weakened  by  freezing  the  aqueous  solution;  e.g. 
the  splitting  of  chlorine  from  organic  chloro  compounds  (Minder  et  al). 
These  observations  iodioate  that  in  radiochemical  transformations  diffusion 
process  are  of  importance.  On  th*.  other  hand  .  the  luminescence  induced  by 
radiation  in  luminol  was  not.  recognizably  weakened  by  freezing  to  -10°. 
Theae  lusineaoenoe  phenomena  are  markedly  independent  of  diffuaion,  even 
though  we  hive  to  do  with  indirect  radiation  offset*  whore  th«  energy  1* 
taken  up  by  water  and  then  oonducted  to  the  luminol  through  the  inter¬ 
mediary  of  oxygen,  probably  through  several  water  molecules.  The  role  of 
oxygen  remains  unclarified;  the  diffusion  of  exygen  in  the  ice  phase 
ought  to  be  considerably  reduced  in  comparison  to  it*  diffusion  in  the 
aqueous  solution.  It  is  possible  that  certain  addition  compounds  of 
oJQrgea  and  luminol  (Drew  1939)  form  already  before  freosing,  so  that  a 
diffusion  of  oxygen  becomes  unnecessary. 

The  radiatiotv-lnduoed  luminescence  phenomena  are  eliminated  almost 
completely  by  oysteamlne*  and  cysteine  in  larger  concentrations  —  that 
is,  st  a  luminol/ cysteine  ratio  of  ab^ut  lilO  and  greater.  In  cysteine 
concentrations  that  are  biologically  effective  a  marked  weakening  is  de¬ 
tectable.  The  agreement  of  the  effective  concentrations  in  vivo  and  vitro 


*  Gysteumine  was  kindly  pieced  st  our  disposal  by  Labas  Co,  Brussels; 
cysteine  by  the  bordmark  .Werkea  and  Cheniewerken  domburg;  and  oystamlne 
by  the  Ph&rmaaell  Co. 
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spook  for  an  identical  radioche;.  reaction.  Tha  idea  oocurred  that 

cysteine  nay  have  extracted  tha  c  n  from  vs  er,  through  its  oxidation 

(of.  Fait  1953 ) .  Against  this  sp.  .  the  fact  that  tha  protaotlve  effect 
is  dependent  on  concentration  bu,  ^.tle  dependent  on  time.  Immediately 
after  the  addition  of  cysteine  t.u  'nil  protective  effect  is  detectable 
Since  cysteine  oxidizes  only  slo  ly  .  the  removal  of  oxygen  must  have 
become  noticeable  only  after  sc-  ,  :o  and  must  have  equalised  again  aftar 
shaking.  The  “Xpurimont*  vara  co  j.  ;ed  with  glass-dis tilled  water  and 
analytic-grade  substances  so  as  .0  <.clude  the  oxldation-aooeleratlng 
offeot  of  heavy-metal  traces  as  :.uc  .  as  possible.  It  is  much  more  likely 
that  *’•  have  to  do  with  an  inter  •  of  radiatlon-induoed,  short-lived, 
oxygen-containing  radicals  with  y.  .  lne.  As  a  proof,  one  oan  refer 
to  tha  faot  that  this  process  is  d.  ;ndent  on  diffusion.  Freezing  to  -10° 
completely  eliminates  the  prote-ti/e  effect  of  cysteine.  The  radiation- 
induoed  luminescence,  extinguish  i  addition  of  cysteine,  is  again 
detectable  at  -10°  at  full  lnten  i-  . .  It  is  Again  extinguished  after 
thawing.  From  tnis  it  may  be  con  1  :.d  that  the  protective  effect  is 
linxed  to  the  oxidation  to  oysti.e.  ihie  reaction  is  diffusion-dependent 
and  no  longer  takes  plaoe  in  the  i.  ■  ph«ss. 

As  was  the  case  in  biolog. cal  experiments,  cysteamlne  shows  the 
strongest  protective  effect  ag«i  ,s  .  ;  tdiation-induced  luminescence  of 
].uminol.  Cysteine  is  somewhat  lo  s  .'feotive.  The  weakest  effeot  is  dis¬ 
played  by  glutathione.  Histamine  an..  NaCN  show  no  protective  effect  even 
in  the  highest  doses.  In  the  cas  j  of  NaCN  we  even  think  that  we  observed 
a  slight  intensification  in  some  e:<  erimenta.  These  results  necessitate 
an  accurate  verification  by  mean;  of  an  improved  methodology.  Apparently 
the  protective  effect  of  amines  ..ni  l&CN  described  by  Bacq  lies  on  a 
completely  different  level.  In  t.-.e  ;asa  of  NaCN  we  might  assume  that  the 
disruption  of  the  oxygen  transport  :  nd  thus  an  accumulation  of  metabollo 
products  with  negative  reduction  potential  plays  a  role  in  the  area  of 
radiation-sensitive,  bioLoglo&ll  significant  cell  structures,  thus, 
the  radiation  protection  takes  place  in  the  same  manner  as  In  the  case  of 
lypoxemla. 

In  contrast  to  th«  results  in  animal  experiments,  oystamlne  is 
Ineffective  in  luminol  experiments.  Since  according  to  Bacq  oystamlne 
exhibit*  no  protective  effeot  agoln3t  radiation  in  the  case  of  pea 
seedlings  either,  it  may  be  assu-.ed  that  in  the  animal  organiam  oyataaine 
is  rapidly  reduoed  at  suitable  reduction  sites,  probably  by  fixed  SB 
groups  vhioh,  in  turn,  oan  bs  omy  slightly  proteotiva  against  radiation 
due  to  Iheir  fixed  position.  Thus  we  were  abls  to  note  that  in  tha  test 
tube  oyt teine  is  oxidised  by  oystamlne  to  the  difficultly  soluble  eystlne. 
In  regard  to  the  transformation  of  SH-  and  S— S  groups,  see  also  Herein 
(1938J*  The  explanation  given  by  Bacq  himself  that  the  protective  effeot 
of  oystamlne  is  to  b  explained  by  the  liberation  of  histamine  is 
thought  by  us  to  be  leas  probable. 

DlSausvj.on 

By  recalculation  of  tha  energy  deposited  during  the  action  of 
ionising  radiation  and  of  tho  gene  r  utations  attained, Tiaof eeff-Ressovsky, 
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21-mraar  r.od  Dolbrucic  wore  the  fi:  co.-.;o  to  the  conclusion,  in  1935, 

that  the  onergy  deposit  leading  -utation  is  situated  in  a  region 

which  ii;  oonsl^erably  larger  thi  nne-cerrying  chromomer.  Further  con¬ 

sideration#,  too,  hav-»  ls.t  to  tt,  elusion  that  the  so-called  offaoted 
'volume  is  substantially  larger  >.  tliat,  corresponding  to  the  actual 
domain  of  the  radiation-eanriti'.  ,  ologically  important  cellular  element 
(control  centers  of  the  cells  ac  cr:.ng  to  Jordan).  These  experimental 
reeulte  led  to  the  assumption  th  t  t-.u  deposited  energy  can  migrate 
over  large  areas  -  *  the  call  structure.  It  was  thought  that  long-ohain 
proteins,  above  a . 1 ,  ware  auitab  e  substrates  for  such  energy  oonduations 
(Irlrts  19**7*  Evans  and  (largely  l*-4w,  cited  in  Deaaauer  1954-). 

Even  in  the  case  of  most  radiochemical  processes  in  dilute  aqueous 
and  organic  (Minder  1952)  solution-,  a  calculation  gives  a  considerable 
difference  in  size  between  the  e;  footed  volume  (deposit  density)  and  the 
molecular  donsity  (concentration)  of  the  reacting  chemical  substance.  From 
this  it  la  possible  to  derive  an  energy  transport  from  the  energy-absorbing 
solvent  molecules  to  the  site  of  reaction  where  the  energy  taken  up  oan 
be  utilised  for  a  consequent  chemical  reaotion. 

For  dilute  aqueous  solutions  the  above-die cue sad  radical  theory 
(Weiss)  gives  concrete  ld*aa .  On  the  basis  of  the  available  literature 
the  described  indirect  reactions  exhibit  a  store  or  leas  pronounced 
temperature  dependence.  This  is  attributed  to  a  diffusion  exchange  during 
the  reaction.  Wa  have  to  do  bare  most  likely  with  consequent  processes, 
while  the  first  step  of  the  energy  uptake  under  the  affect  of  ionizing 
radiation  ia  uninfluenced  by  temperature.  Host  authors  seau  inclined  to 
assume,  in  the  osse  of  indirect  radiation  effects  in  aqueous  solutions, 
s  diffusion  of  energy  through  diffusion  of  water  radicals  (of.  e.g,, 
Deaaauer  19$+). 


The  radiation-induced  char  leal  luminescence  of  luminol,  too,  ie 

I  w  .  «S  u.Ji  .41  .##.-*  A.  -  Sai  •  —  -  —  .  --.-A  J  At  . 
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dependence  of  the  light  intensity  o  \  the  volume  of  irradiated  solvent,  the 
oxygen  dependence  as  wall  as  the  protective  effect  of  cysteine  and  other 
SE-containing  aubatanoea .  It  is  not -worthy  that  this  physiological  pro¬ 
cess  which  may  be  detected,  without  chemical  transformation#,  by  its 
luminescence  phenomena,  is  unaffected  ly  temperature  and  acco-dingly  buna 
its  course  in  a  markedly  diffusion-independent  manner.  This  seems  to  in¬ 
dicate  that  not  only  the  uptake  cf  irradiated  energy  but  also  the  energy 
transport  takes  plaos  without  being  particularly  influenced  by  diffusion 
process «-.» .  Accordingly cne  must  assume  that  under  the  action  of  ionising 
radiations  on  no*  only  solid  crystalline  substances  but  also  in  aqueous 
solution*  (paraorystalline  structure)  arid  probably  also  in  organlo  sol¬ 
vents  (Hinder),  there  take  place  energy  displacements  to  the  reaction 
sites  where  this  energy  may  be  very  readily  utilised  for  consequent  pro¬ 
cesses,  due  to  a  favorable  energy  gr.oiieni. 


In  contrast  to  the  radiation-induced  photon  emission  in  the  case  of 
the  chemical  luminescence  of  luainol,  the  protective  effeot  of  cysteine 
takes  p l-io a  through  a  chemical  process,  to  wit,  oxidation  to  cystine. 
Probably  the  first  step  of  th«  reaction  ia  the  removal  of  an  H  aton  under 


6 


formation  of  a  cysteine  radical.  ice  phase,  too,  cysteine  radioala 

will  forn.  Nevertheless  the  mi»v  hydrogen  and  the  formation  of 

cystine  are  prevented  due  to  thi  •  >.  .ruction  of  diffusion,  so  that  the 
cysteine  radloal  and  H  are  recor.  in-i  without  further  oonduotion  of  the 
c  nergy . 


The  conbination  of  temper  -independent—  and  temporature- 
sonsitive  reaction  courses  appfi^  .  be  vary  instructive  and  promising 
of  further  conclusions  with  re,;;.  1  the  understanding  of  the  transport 
of  radlatlorv-induced  energy  depo  i .  ■  in  aqueous  solvents  as  well  a*  in 
experimental  biological  material.-  w...ch  in  most  cases  contain  abundant 
quantities  of  water,.  As  menticnod  Above,  the  transport  t^kes  place  in 
the  form  of  electronic  energy  displacements  through  the  aqueous  solvent, 
ijobC  ^rooadly  U>  the  rose* 1  «<<■«•<;  with  the  greatest  energy  gradient. 

The  initiated  reactions  take  place  in  the  biological  material  by  circum¬ 
vention  of  the  physiological  raj  1;.  -~ry  processes.  It  is  obvious  that 
labile  structures,  in  the  procts;  c reconstruction,  are  particularly 
aensitivs,  and  radiation  injurie.:.  arj  most  enduring  at  site*  where 
duplicants  are  affected.  It  is  druo  that  energy  migrations  over  energy- 
level  bands  of  protein  chains,  suggested  by  numerous  authors  as  the 
explanation  of  blologioal  effects  of  radiation,  appear  possible  on  the 
basis  of  theorstioal  consiaerati  m  (Virtz  19^?»  Evans  and  Gergely  19**9)« 
nevertheless  at  the  present  time  ac  onolusive  experimental  baa is  axists 
for  suoh  a  hypothesis. 

Sunaary 

1 . U oder  the  influence  of  X-.  ...  an  aqueous  solution  of  luminol 
exhibits  a  marked  chemical  lumin  ;ce.  We  hew  to  do  here  with  an  in¬ 
direct  ridiation  effect.  It  is  1  ,i  dependent  on  the  concentration  in 
the  oonc  intraticn  range  of  C.01-  .1  ••  It  is  linked  to  the  presence  of 
oxygen  and  can  be  weakened  by  cy.  k  ie  in  concentrations  corresponding  to 

tha  U  af  vm  finnrtw*  ?.r..  r  ion*  „ 

2.  Tn®  radiation-induced  cher.ical  luminescence  is  independent  on  the 
temperature  and  takes  plaoe  with  tl.o  same  Intensity  in  the  ioe  phase, 
hence  it  is  Independent  of  diffusion  processes.  An  energy  transport 
through  electron  displacements  ir.  the  water  phase  is  discussed. 

3.  Bry  contrast,  the  protect!-,  e  effect  of  oysteine  is  tsmperature- 
dependant  and  is  lost  upon  freezing. 

M-,  protect! vs  sffeot  against  radiation  is  exhibited  by  oystesmine, 
oysteine  and  glutathione.  Cyetaaiue,  histamine  and  KCH  are  ineffeotive. 


? 
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